ABSTRACT This paper aims to assess a recently proposed approach for microwave hyperthermia, exploiting magnetic nanoparticles as modulable contrast agents in order to blindly focus on the tumor the electric field radiated by an antenna array. The approach has been improved and numerically assessed in the realistic and clinically relevant case of the treatment of neck tumors. To this end, a realistic system, whose layout is inspired to an existing one, currently under clinical testing, has been considered. The Zubal phantom has been exploited to carry out the simulations. The numerical results show that the proposed blind focusing approach works properly even in realistic and complex situations like the one considered in this paper. Moreover, the results compare very well with those obtained through not-blind focusing approaches, based on the knowledge of geometry, positioning, and electric properties of the irradiated tissues. The robustness of approach against the measurement noise has been also analyzed, in order to identify the requirements that the measurement apparatuses must satisfy and the minimum amount of magnetic nanoparticles to be administered to the patient in order to make the approach feasible. The performed thermal analysis confirmed the ability of the approach to selectively heat the tumor. The proposed approach could be a valid alternative to achieve an effective field focusing without any a priori information on the electric and geometrical properties of the anatomical region to be treated. Moreover, it could be employed in combination with magnetic hyperthermia to improve the effectiveness of the therapy.
I. INTRODUCTION
Microwave hyperthermia (MWH) is a modality of oncological hyperthermia in which the localized heating of the tumor is obtained by concentrating on it the electric field generated by an applicator operating in the microwave frequency range [1] . The heating is due to the significant electric losses characterizing the human tissues in this frequency band [2] , [3] . Typically, the field concentration is obtained either by placing the applicator directly in contact with the cancer tissue (interstitial MWH [4] , adopted for tumor ablation) or by focusing the electric field radiated by an array of antennas, placed externally and around the anatomical region of interest (ROI) (focused MWH [5] - [8] , adopted for mild hyperthermia).
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In this latter case, the main problem is to determine the excitations of the antennas enabling to concentrate the electric field on the tumor, avoiding possibly harmful hot spots. In principle, the optimal solution of this problem requires the knowledge of the geometry, positioning and electric properties of the ROI [9] - [11] , which, however, could not be available with the required accuracy. Indeed, the standard approaches, based on the conversion of CT or MRI images into permittivity and conductivity maps, present several drawbacks. The first one is that the available values of the electric properties of the various tissues have been obtained by means of measurements on ex vivo samples [2] , [3] , whose properties, therefore, could be significantly different from those of the in vivo tissues (let us think, for instance, to the blood perfusion that in ex vivo tissues is absent). Another source of inaccuracy is that the electric properties of the tissues are patient specific [12] , [13] and, for the same patient, may vary over time. In addition, there is the critical problem of the co-registration of the permittivity and conductivity maps, constructed from CT or MRI images, with the actual position of the patient with respect to the radiating system, during the MWH session [14] . The unavoidable movements of the patient during the treatment (which typically takes several tens of minutes) represent another issue. Finally, the electric properties of the tissues may vary over time during the treatment itself, due to the physiological response of the body (such as, the change of the blood perfusion) to the temperature increase [15] .
The above mentioned difficulties have motivated the interest in developing approaches as much as possible ''blind'', namely not requiring any a priori knowledge of the geometry, positioning and electric properties of the ROI, and reconfigurable in real time in order to counteract possible variations of these properties during the MWH session. To this end, a ''theranostic'' approach could be adopted, exploiting the same array of antennas employed for the MWH treatment to acquire the required information.
A possible way to achieve this goal is inducing a localized contrast variation in the tumor [16] . Indeed, this would allow to acquire two datasets of the ROI that would differ only for the contrast in the tumor tissue. As a consequence, their difference could directly provide the information useful for the synthesis of the excitations, without any a priori knowledge of the properties of the ROI.
The two datasets could be obtained either performing the measurements before and after the administration of the contrast agent [16] or by exploiting a contrast agent whose response is modulable in a not invasive way. This second alternative is very attractive, as, acquiring the required information also during the MWH treatment, it would allow to counteract any variation of the properties of the ROI. Among the available contrast agents, the most appealing ones for this purpose are the magnetic nanoparticles (MNP), as their magnetic response in the microwave frequency range can be varied (without significantly affecting the electric response of the ROI) by applying an external polarizing magnetic field (PMF) [17] . Furthermore, they are biocompatible, already approved for clinical use and directly injectable in the tumor in form of colloidal suspension. Also appealing is the possibility of combining MWH with Magnetic Hyperthermia [18] , where the MNPs are adopted to heat the tumor, exploiting the magnetic losses induced by a radio frequency magnetic field.
On the other side, MNPs have the drawback that the induced contrast variation is of magnetic nature. This makes the determination of the antenna excitations from the measured differential data non-trivial, due to the different nature of the induced contrast (magnetic) and of the field to be focused (electric). This problem has been recently addressed in [19] , where a procedure for synthesizing the excitations has been proposed and numerically tested on simplified 2D and 3D scenarios.
In this work we first improve such synthesis procedure, in order to increase its robustness against the measurement noise. Then, we present a numerical assessment of the approach in a clinically relevant case, namely the treatment of neck tumors. To this end, a realistic system, inspired to an existing one, currently under clinical test [20] , [21] , has been considered, and a complete thermal analysis has been carried out. The system consists of a ring of 12 horn antennas arranged around the neck and a water bolus placed between the neck and the array acting as both cooling and matching medium. The well-known Zubal phantom [22] has been exploited as human numerical model to carry out the simulations.
The paper is organized as follows. In Section II, a brief description of the MNP-blind focusing approach proposed in [19] and the procedure developed to enhance its robustness against the measurement noise are presented. In Section III a detailed description of the MWH system adopted in the numerical simulations, together with the results of a numerical analysis on the performances of the employed antennas is reported. In Section IV the numerical results, in terms of synthetized antenna excitations and electric power distribution dissipated in the ROI, are provided and compared with those obtained by employing not blind-focusing approaches for the synthesis of the excitations. In this Section, the robustness of MNP-blind focusing approach against the measurement noise is also assessed, in order to identify the minimum amount of MNPs to be administered to the patient needed to make the approach feasible. The thermal analysis is carried out in Section V, and the obtained temperature distributions are presented and discussed. Conclusions follow in Section VI.
II. MNP-GUIDED BLIND FOCUSING MICROWAVE HYPERTHERMIA
In this Section we briefly describe the MNP-blind focusing approach tested in this study, by referring the reader to [19] for a more detailed and comprehensive description of the theoretical aspects underlying the approach.
As said in the Introduction, the key point of the approach is to exploit MNPs to induce a non-null and localized magnetic contrast, say χ, in the tumor which can be changed by applying a PMF of proper strength [17] . As an example, in Fig. 1 we report, for various PMF strengths, the magnitude of χ, measured at f = 1 GHz for a colloidal suspension of magnetite nanoparticles with a core size of 10 nm (from Liquid Research Ltd., U.K.; product code WHKS 1S9), dispersed in phosphate buffer saline (PBS), at a concentration of 25 mg/mL [23] . As it can be seen, |χ|, which has a value of 0.03 when no PMF is applied, becomes about 8 times smaller when a PMF of 160 kA/m is applied. This allows an effective modulation of the magnetic contrast by varying the strength of the applied PMF, without affecting the response of the surrounding tissues.
Once the MNPs have been injected in the tumor, the second step of the approach is to measure (at the same working frequency and by means of the same array employed for the MWH treatment) the scattering matrix of the ROI, for two different values of PMF (e.g., 0 and 80-160 kA/m). As the FIGURE 1. Magnitude of the magnetic contrast, χ, versus the PMF strength, measured at f = 1 GHz for a suspension of magnetite MNP having a core size of 10 nm and dispersed in PBS at a concentration of 25 mg/mL (data extracted from the measurement results in [23] ).
variation between the two scattering matrices is only due to the variation of the response of the MNPs accumulated in the tumor, the differential scattering matrix encodes the information relative to the field propagation across the tissues from the antennas to the tumor.
The third step is the synthesis of the antenna excitations from the measured differential scattering matrix, say S. Fig. 2 shows the flow diagram of the MNP-blind focusing synthesis procedure tested in this study. As it can be seen, the excitation of the n-th antenna, say e n (n = 1, . . . , N), apart from a sign, is the square root of the complex conjugate of the n-th entry, say s n,n , of the main diagonal of S. Except for the first step (i.e. n = 1), where the sign of e 1 can be arbitrarily set, the ambiguity on the sign of e n , (n = 2, . . ., N) is recursively solved at each step, by exploiting the knowledge of e n−1 , previously determined, and S. In particular, as shown in Fig. 2 , the correct sign of e n is determined by considering the following auxiliary excitation vectors: v ± n = (0, .., 0, e n−1 , e ± n , 0, .., 0), which differ from each other for the sign of e n , and comparing the Euclidean norms ||S·v + n || 2 and ||S·v − n || 2 . In conclusion, we stress again that the procedure in Fig. 2 assumes that the induced magnetic contrast is localized. This means that it works properly as long as the size of the tissue infused with MNPs is small as compared to the local wavelength (i.e., not larger than about 1/4 of the wavelength) [19] .
A. IMPROVEMENT OF THE ROBUSTNESS OF THE SYNTHESIS PROCEDURE AGAINST THE MEASUREMENT NOISE
A drawback of the procedure in Fig. 2 is that, being recursive, if the sign of e n is erroneously evaluated, due to the measurement noise on S, such error affects the signs of all the excitations with index m > n. An error on the sign of e n can occur when | n |, defined in Fig. 2 , is below a certain threshold, depending on the measurement noise. This is likely to happen when the vectors v ± n , defined in Fig. 2 , are nearly equal or opposite, namely when the magnitude of at least one of the excitations e n and e n−1 is small. However, an error in the sign of a low magnitude excitation has a low impact on the field radiated by the array, so that what really matters is to confine the sign error to the low-level excitations. To this end, under the reasonable assumption that the low excitation elements are contiguous (see Appendix), the following simple strategy can be adopted to optimize the robustness against noise:
start the recursive procedure from the element with the lowest excitation amplitude.
Since the excitation magnitudes only depend on the elements of the main diagonal of S, this only requires a simple preliminary determination of the minimum amplitude element and a corresponding shift of the antennas numbering.
Of course, the procedure described above is needed only if the antenna excitations dynamics, |e n | max/ |e n | min , is significant and is unnecessary when the excitations amplitudes are almost uniform (hence all well above the noise level). Fig. 3 shows the scheme of MWH system considered in this study. The array consists of 12 horn antennas, whose apertures are uniformly spaced on a ring having a radius of 12 cm. A bolus filled of distilled water, acting as both cooling and coupling liquid, is placed around the patient's neck. The bolus has a height of 12 cm and a radius of 15 cm. The antennas are in part inserted in the bolus, in order to reduce the mismatch due to the water bolus-air interface and their distance from the ROI.
III. SIMULATION SET-UP
All the simulations were carried out by using the CST Studio (2012 version) CAD, adopting, as already said, the Zubal phantom as human numerical model [22] .
The electromagnetic simulations were performed by employing the FDTD solver in CST, in agreement with the kind of problem analyzed. The mesh type was an hexahedral one (the only allowed in CST for the selected solver) with a mesh density of 10 cells/λ min , being λ min the minimum wavelength in the meshed medium (we have set a material-based mesh refinement), i.e. the one corresponding to the maximum analyzed frequency, of 1.5 GHz. This corresponds to an even finer discretization of about 15 mesh cell/wavelength at the set working frequency, f 0 = 1.15 GHz (see Section II-B). The duration of the input excitations signal, feeding each antenna, in the FDTD solver, was set in such a way as to allow the complete extinction of the transient response and to allow the complete propagation of the electromagnetic waves across the whole analyzed domain.
In the following sub-sections we provide a detailed description of all the set up components.
A. ZUBAL PHANTOM
The numerical phantom adopted in this study consists of 87 × 147 × 493 cubic voxels of 3.6 mm in size, obtained by converting MRI and CT images from an adult male volunteer [22] . The original phantom is provided as an array of 87 × 147 × 493 integers (from 0 to 125), each identifying the type of tissue (brain, skin, bone, etc.) filling the voxel. The model exploited in the simulations was constructed by assigning to each integer the electric and the thermal properties of the corresponding tissue type, experimentally found in literature [2] , [3] . A Cole-Cole model has been adopted to take into account the frequency dispersion of the electric properties of the various tissues. Of course, in this way the main factor influencing the electrical properties, namely the water and fat content, is automatically taken into account. Table 1 reports some of the tissues composing the phantom neck, together with the values of their electric properties (the relative permittivity, ε r , and the effective electric conductivity, σ ), at f 0 = 1.15 GHz, and thermal properties (the thermal conductivity, k, the blood perfusion rate, w b , the specific heat capacity of blood, c b , and the metabolic heat generation rate, q met ).
To simulate the presence of a MNP-targeted tumor, we have inserted in the model a sphere of 1 cm in size, say t , having the same electric and thermal properties of a cancer tissue and the magnetic properties of the MNPs suspension measured in [23] (see Table 1 ). The position of t is shown in Fig. 3(b) .
Note explicitly that we have considered a sphere of 1 cm in size since it is approximately the tissue volume in which the MNPs spread after their administration via direct injection. This assumption is supported by both experimental [24] and analytical/numerical [25] results. In particular, in [25] , by taking into account all the main transport phenomena in in vivo tissues and realistic MNPs infusion parameters, it is shown that the MNPs distribution remains confined in volume with a radius not larger than 5 mm from the injection site.
Since in our setting the local wavelength in the tumor tissue, at the set working frequency f 0 = 1.15 GHz, is about 3.6 cm, i.e. about 4 times larger than the size of 1 cm assumed for t , the magnetic contrast can be actually considered localized. Of course, such a sphere could not represent the whole tumor region, which could be larger, as usually happens in the case of advanced tumors, but simply the part of the tumor targeted by the MNPs. However, to simplify the notation, hereafter, we will refer to it as it were the whole tumor. Note also that the fact that not all the tumor is targeted by MNPs does not affect the performance of the approach, as the MNPs are just used to induce a localized variation of the magnetic contrast inside the tumor, and not to act as nano-dissipaters to heat the tumor, as in Magnetic Hyperthermia [18] .
B. ANTENNA ARRAY
The array consists of 12 identical horn antennas fed by 50 ohm coaxial lines (sma connectors filled with Teflon). Each antenna is assumed to be filled with Ba(Nd 05 Sm 05 ) 2.53 Ti 4.8 O 14.4 which is a ceramic material characterized by a ε r = 78 (very close to the relative permittivity of distilled water) and loss tangent equal to 5 × 10 −4 around 1 GHz [26] . Fig. 4 (a) show a cut of the horn antenna along the longitudinal section of the antenna (E plane). The sizes of the rectangular waveguide feeding the horns are w 1 = 1.7 cm, w 2 = 1.0 cm, w 3 = 3.9 cm and have been set so as to allow the propagation of only the fundamental mode in the frequency range of interest 1-1.5 GHz. The sizes of the flare are h 1 = 3.6 cm, h 2 = 2.76 cm, h 3 = 2.7 cm, while the thickness (t = 0.14 cm), the height and distance from the terminal wall of the pin feeding the antenna are t = 0.14 cm, p = 0.8 cm and d = 1.23 cm, respectively (see Fig. 4(a) ). All these dimensions have been set for minimizing the antenna return losses around f 0 = 1.15 GHz (the working frequency) and have been determined by tuning their values in the simulations, carried out by assuming the antenna embedded in a homogeneous and lossless medium with ε r = 78. Fig. 4 (b) shows the simulated reflection coefficient magnitudes (in dB) at the input port of each antenna, evaluated in presence of both the phantom and the water bolus, as in Fig. 3 . As it can be seen, all antennas exhibit a satisfactory level of return loss in the band 1.1-1.35 GHz, lower than −10 dB. Furthermore, one can also note that the optimal operating frequency is just about f 0 = 1.15 GHz, at which all the antennas exhibit a return loss not larger than about −14 dB. Therefore, such frequency has been set as working frequency in the following numerical analysis.
Note that the above value of −14 dB also represents the maximum magnitude of the elements of the measured scattering matrixes (before and after the MNPs contrast variation) at f 0 = 1.15 GHz, whose difference provides S.
IV. NUMERICAL RESULTS
According to the flow diagram in Fig. 2 , as first step we have simulated the differential scattering matrix, S, one would measure for a variation, say χ, of the MNPs magnetic contrast in the tumor, due to an applied PMF. Since the contrasts achievable with safely injectable amounts of MNPs is low, we can confidently apply the distorted Born approximation, obtaining the following linear relationship between S and χ [27] :
where s m,n is the generic entry of S, r the position vector in t and H m[n] the magnetic field impinging on t (in absence of the MNPs) and radiated by the m[n]-th antenna of the array when fed with unit incident power. Accordingly, the S matrix has been evaluated by determining for each antenna the magnetic field impinging on t and computing the integral in (1), for all the possible couples of antennas. Let us note that if the size of t is small with respect to the local wavelength, as required for the approach to work properly, the integral in (1) becomes practically independent of the MNPs distribution inside t and only dependent on the mean value of χ (see Appendix). Hence, one can confidently assume a constant value for χ in t (namely a uniform distribution of MNPs in t ) without affecting the VOLUME 7, 2019 FIGURE 5. Normalized magnitudes (a) and phases (b) of the synthetized antenna excitations. The label ''no error'' in the legend means that the not blind excitations are determined in the ideal case of an exact knowledge of the geometry, position and electric properties of the ROI; the label ''error'' means that the not blind excitations are determined by assuming a not exact knowledge of the ROI position with respect to the antenna array.
final result. Accordingly, we have simplified the simulations by assuming χ constant.
For the case at hand and χ = 1, it turns out that the maximum magnitude of the elements of S is equal to about −83 dB, which is much lower than the −14 dB estimated for the actually measured scattering matrixes. While the level of S does not affect the synthesis procedure in absence of noise, it becomes crucial to identify the requirements, in terms of measurement apparatuses and MNPs amounts, which must be satisfied for allowing a reliable implementation of the MNP-blind focusing approach. These points are addressed in the following sub-sections C and D.
To establish whether the characteristic of being blind negatively affects the performance of our approach, we have also determined the antenna excitations exploiting two not blind approaches and compared them with the excitations determined through our approach.
The first not blind approach (called unconstrained not blind approach) is the standard approach employed in MWH, where the excitations are determined by maximizing the ratio:
between the mean electric power density, p t , dissipated in the tumor and the mean electric power density, p ROI , dissipated in all the ROI [9] . In (2) e = (e 1 , . . . , e N ) is the column vector of the unknown antenna excitations, e * is its conjugated and transposed version, while Q t and Q ROI are two matrixes whose generic entry is given by: It can be shown that the excitation vector maximizing the ratio in (2) is the first singular vector of the matrix Q −1
. The second not blind approach (called constrained not blind approach) is a constrained approach where the antenna excitations are determined by maximizing the electric power density (or equivalently, the electric field amplitude) at the tumor barycenter and requiring, at the same time, that the dissipated power is below a prescribed safety level in the healthy tissues surrounding the tumor. In formulae [10] :
where E is the total electric field radiated by the array, r 0 the position vector of the tumor barycenter and r l (l = 1, . . ., L) the position vectors of L control points in the ROI where the electric power density must be kept under a prescribed safety level [10] . For the case at hand, the control points, r l , are chosen externally to a spherical region concentric the tumor and having a diameter of 3 cm. It is worth noting that, since the electric field, E, radiated in the ROI by the antenna array is almost linearly polarized (along the z-axis), the synthesis problem in (4)- (5) can be confidently solved by considering only one field component. As a result, the original problem can be cast as a convex programming problem, which admits only one maximum, and so can be searched through a local optimization algorithm [10] . Of course, both these approaches require the knowledge of the geometry, positioning and electrical properties of the ROI, as results by inspecting (2)-(5). Fig. 5 shows the normalized (to ||e|| 2 ) magnitudes and the phases of the antenna excitations determined by means of the three approaches previously described (the antenna numbering is that in Fig. 3(c) ).
A. SYNTHETIZED EXCITATIONS
Let us note that, to better compare the results in Fig. 5(b) , for each approach we have multiplied the excitations by a constant phase factor, chosen in such a way that the excitation phase of the first antenna is equal to zero. Of course, this operation does not affect the amplitude of the electric field radiated in the ROI, hence the focusing performances, as such distribution is defined apart from a constant phase factor.
From the results in Fig. 5 , the following outcomes can be drawn.
First of all, from Fig. 5(a) one can immediately note that low level excitations are actually confined to neighboring elements, thus confirming the assumption in Section II-A (see also Appendix).
From the comparison of the excitations patterns, one can also note that the excitations determined through the MNP-blind focusing approach and those determined through the not blind unconstrained approach, by assuming an exact knowledge of the geometry, position and electric properties of the ROI, are almost the same. This suggests that the MNP-blind focusing approach allows achieving performances comparable to those of the standard approach employed in MWH, under ideal conditions.
On the other side, the excitations determined through the not blind constrained approach are remarkably different from the excitations determined through the MNP-blind focusing approach, particularly for what concerns the magnitudes. This should be expected, because of the power constraints in (5). Interestingly, the phases remain almost the same and this is due to the fact that in all the cases the electric paths between each antenna and the tumor (across the tissue) are the same, so that the excitation phases must be essentially the same in order that the electric fields radiated by the antennas constructively interfere in the tumor.
Analogue outcomes, not reported for brevity, were observed when changing the relative position of the ROI in the antenna array and/or the antenna array radius. This is a consequence of the fact that the proposed approach is totally blind so that it works whatever the relative position of the ROI with respect to the antenna array, as confirmed by the results in [19] , where the approach was successfully tested on a completely different anatomical model, tumor positions and antenna array.
To quantitatively compare the performance of the approaches under test, we have introduced the following sensitivity index:
δ e e ,e =min |c|=1 e − ce 2 / √ 2 = 1 − e · e * (6) where e and e' are in turn the excitation vectors shown in Fig. 5 and c is a complex number of unit amplitude. 1 The index δ e gives a measure of the orthogonality, hence of the 1 The presence of the phase factor c in the definition of δ e follows from the fact that the amplitude distributions, in the ROI, of the fields radiated by two excitation vectors differing for a phase factor are the same, hence the same are the focusing performances. The division by √ 2 has been introduced just to get 0 ≤ δ e ≤ 1.
Euclidean distance, between e and e'. The values of δ e confirm that the excitations (hence the focusing performances) determined with the MNP-blind focusing approach compare very well with those determined with the not blind unconstrained approach in the ideal case (δ e = 0.09), whereas a significant difference is observed with those determined with the not blind constrained approach (δ e = 0.45).
Of course, in practice neither the electromagnetic properties of the ROI nor its position with respect to the array are perfectly known. Accordingly, to better substantiate the advantages of our MNP-blind focusing approach, we have performed a sensitivity analysis of the not blind unconstrained approach against errors on the positioning of the ROI. The aim is to assess how the performance of such not blind approach worsen in the realistic case of a not exact knowledge of the ROI positioning. To this end, we have considered three different positioning errors, described by three displacement vectors: d 1 = (−4, −4, 0) mm, d 2 = (−7, −7, 0) mm and d 3 = (10, 10, 0) mm, and computed for each of them the unconstrained not blind excitation vectors, e 1 ', e 2 ' and e 3 '. Then, we have compared them with the excitation vector e, determined in the ideal case of an exact knowledge of the ROI positioning (the blue lines in Fig 5) , computing δ e for each couple (e i ', e), i = 1, 2, 3. The high values obtained for δ e (0.6, 0.78, 0.70 respectively) show that the not blind unconstrained approach is remarkably sensitive even to small errors on the ROI positioning (the displacement vector d 1 is within the tolerance achievable through the laser positioning of the MWH system in [20] and [21] ). Interestingly, the highest δ e is not observed for the largest displacement error (i.e., d 3 ), thus indicating that the approach is also sensitive to the direction of the error (and likely to the type of error, i.e. translation versus rotation). Also interesting is the fact that the positioning error mainly affect the excitations phases, as it clearly shown in Fig.  5 , where we also report the magnitudes and phases of the excitations vector e 1 ' (cyan lines in figure) . This is an expected result as an error on the ROI positioning changes the lengths of the propagation paths from the tumor to each antenna, hence the phase delay along each path, of an amount that depends on the variation of the electrical length. Accordingly, the observed sensitivity to positioning errors is also frequency dependent, decreasing by lowering the working frequency (as it happens for the system in [20] and [21] ), obviously to the cost of a lower treatment selectivity.
Clearly, the observed sensitiveness translates in a remarkable worsening of the focusing performance, as it will be shown in Section IV-B. evaluated by assuming an error on the ROI positioning (cyan lines in Fig. 5 ). We have not reported the results relative to the not blind unconstrained approach ''no error'' because, as foreseen, they are very similar to those of the MNP-blind focusing approach (δ e = 0.09).
From the comparison of the results in Fig. 6 (a)-(f), the following considerations can be drawn. In both cases a better focusing is obtained in the plane cut z = 0 than in the other two plane cuts. This is an expected result and is due to the geometry of the radiating system which consists of just one ring of antennas placed in the z = 0 plane. Moreover, by comparing the two power distributions, one can note that a better focusing is achieved in the case of MNP-blind focusing approach. However, in this case one can also observe the presence of significant hot spots near the skin layer, whose level is higher than the one in the tumor, which could lead to an overheating of these regions. This is due to the fact that, like the not blind unconstrained approach, the MNPblind focusing approach maximizes the focusing, without enforcing any control on the formation of possible hot spots. However, as it will be shown in Section V, the hot spots arising near the skin layer are not very critical from a thermal point of view, because the heating they produce is quite superficial and is efficiently removed by the water bolus.
On the contrary, the not blind constrained approach yields less intense hot spots over the healthy tissue, being the electric power density more spread in the ROI, but also a lower level of focusing in the tumor. This is obviously to be expected, because the power constraints in (5), while allow preventing the formation of harmful hot spots in the healthy tissue, unavoidably lower the level of the power dissipated in the tumor.
Finally, the results in Fig. 6 (g)-(i) confirm that, as foreseen, in the case of the not blind unconstrained approach, even small errors on the ROI positioning can lead to a complete loss of the electric power focusing on the tumor.
C. ROBUSTNESS AGAINST THE MEASUREMENT NOISE
The purpose of this sub-section is twofold:
• to assess the effectiveness of the strategy presented in Section II-A, for increasing the robustness to the measurement noise;
• to assess the noise level required for a reliable excitation synthesis.
To this end, we have synthetized the excitations from ten distinct noisy data sets, obtained by adding to the noiseless differential scattering matrix S a random matrix G of independent, zero mean, Gaussian, complex random variables, with standard deviation 20 dB lower than the maximum amplitude of the elements of S. For each set, the synthesis has been performed by sequentially shifting the starting element of the array, in order to investigate the sensitiveness of the synthesis procedure in Fig. 2 to the choice of the starting point.
As for the noiseless case, in order to compare them, all synthetized excitation vectors have been normalized to their Euclidean norm, and the phase of the first excitation has been set to zero.
To quantify the sensitiveness to the noise, we have again exploited the sensitivity index in (6), where e and e' are now the MNP-blind focusing excitation vectors determined in absence and in presence of noise on the data, respectively.
As discussed in Section II-A, since the MNP-blind focusing excitations have a significant dynamics, |e n | max/ |e n | min ≈ 31 dB, to increase the robustness of the synthesis procedure against noise, a proper choice of the starting point, namely a proper antennas numbering, is crucial. This is confirmed by Fig. 7(a) , which shows, for 10 independent realizations of the noise, the dependence of δ e on the antennas numbering. The different numberings of the antennas are indicated by the values of the variable ''shift'', representing the clockwise circular shift of the antennas enumeration with respect to the reference one shown in Fig. 3(c) (corresponding to shift = 0) .
By analyzing the results in Fig. 7 (a) the following outcomes can be drawn.
For two noise realizations, the index δ e is constant, namely independent of the particular antenna numbering, and not larger than 0.21. This means that, in these two cases, the noise affects the values of the synthetized excitations, but does not introduce sign errors in the synthesis procedure. On the contrary, in the other eight cases δ e depends on the particular antennas numbering. Specifically, δ e is always close to 1 for shift = 0 and 11, and exhibits the bound minimum upper bound, equal to 0.3, for shift = 5.
Accordingly, for the case at hand, one can conclude that the best antennas numbering is that corresponding to shift = 5, which amounts to start the synthesis procedure from the 6th antenna in Fig. 3(c) . However, as δ e exhibits an almost flat behavior for shifts between 4 and 8, with values not larger than 0.33, any choice within this interval would lead to practically equivalent results.
The above conclusions completely support the strategy introduced in Section II-A. This is shown in Fig. 7(b)-(c) , where we reports the normalized excitation amplitudes FIGURE 8. Normalized dissipated power density distribution (in dB) in the phantom, in three different cut planes crossing the tumor center, when the antenna array is fed by the excitations in Fig. 7(b)-(c) . Panels (a)-(c) are relative to the noisy MNP-blind focusing excitations, while panels (d)-(f) are relative to the not blind unconstrained excitations in the case of error on the ROI positioning. The black circle delimits the tumor region.
relative to the noiseless and to the worst noisy case, namely that leading to δ e = 0.3 for shift = 5. As it can be seen, n = 6 is indeed the index of the antenna to which the lowest noiseless excitation amplitude does correspond. The minimum of the noisy excitations occurs at n = 5, but, as expected, its level is essentially equal to that for n = 6. Actually, in the noisy case, the excitations amplitude stays practically constant, and significantly higher than that of the noiseless case, between n = 5 and n = 9. This means that in that interval the noise significantly affects the synthesis.
Apart from the extension of the ''noise dominated'' interval and the level of the excitations herein synthetized, completely analogous behaviors occur in the other noisy cases.
Coming to the radiated field, in Fig. 8 we report the normalized electric power distribution (in dB) dissipated in the phantom when the antennas are fed by the noisy excitations in Fig. 7(b) -(c) (i.e. determined by processing the worst noisy version of S, with δ e = 0.3). As it can be seen, the corresponding electric power distribution compares well with the one obtained by noiseless excitations (see Fig. 6(a)-(c) ), thereby indicating that the MNP-blind focusing approach works satisfactorily with the considered noise level, even in the worst case considered. Of course, by increasing the noise level we observe a worsening of the performance. For instance, for a level of 14 dB lower than the maximum level of the differential signal, δ e = 0.53 (in the worst case), whereas for a level of 10 dB δ e = 0.80. In any case, a level 20 dB can be considered good estimate of the noise level required to ensure a reliable excitation synthesis.
As concluding remark, let us note that, even in the realistic case of the presence of measurement noise on the data, the MNP-blind focusing approach shows values of δ e (around 0.3) smaller than those estimated for the not blind unconstrained approach in the case of errors on the ROI positioning (δ e ≥ 0.6), hence a better focusing performance, as highlighted by comparing the results in Fig. 6(g)-(i) and Fig. 8(a)-(c) .
D. MINIMUM AMOUNT OF MNPS EFFECTIVELY DETECTABLE
We can now estimate the minimum amount of MNPs one must injected into the tumor to obtain a differential signal sufficiently high to allow a reliable estimation of the antenna excitations.
Denoting with |S| the maximal amplitude (in dB) of the elements of the differential scattering matrix and with SNR VNA (in dB) the Signal to Noise Ratio of the Vector Network Analyzer (VNA) adopted for the measurements, according to the results of the previous sub-section, SNR VNA must be larger than −|S| + 20. Since S linearly depends on χ and |S| is equal to −83 dB for | χ| = 1 (see Section IV), we must have:
Log(·) denoting the decimal logarithm. Now, a commercial and cost effective VNA is typically characterized by a SNR of about 130 dB at an IF bandwidth of 25 Hz (allowing to acquire an element of the scattering matrix in about 50 ms). Hence, from (7) it follows that | χ| must not be lower than about 0.045.
According to the experimental results reported in Fig. 1 , for a PMF modulation between 0 and 80 kA/m (in order to meet the safety requirements in [28] ) this translates in a MNPs concentration of about 55 mg/mL (the dependence of | χ| on the MNPs concentration can be assumed linear [29] ). This corresponds to about 30 mg of MNPs in our case of a targeted region of 1 cm in size, which is remarkably lower than the amounts employed in Magnetic Hyperthermia clinical trials, of the order of hundreds of mg of Fe [30] - [33] . Moreover, it is large enough to yield a differential signal significantly above the level of any spurious effect induced by the application of the PMF [34] .
As concluding remark, let us note that the above estimation could change by changing the configuration of the antenna array and in particular its radius. Indeed, since pure water shows not negligible dielectric losses at the considered working frequency of 1.15 GHz, the larger is the radius of the antenna array, the higher is the attenuation in the coupling/cooling medium, implying a lower intensity of the useful signal, hence a larger amount of MNPs to be injected to have a detectable signal. To a higher attenuation also corresponds a higher electric power to be radiated to achieve the therapeutic heating of the tumor, since a larger fraction of such power is dissipated in the water bolus. Accordingly, the best solution would be exploiting an antenna array as close as possible to the ROI, as done in this study. Obviously, in doing so we have taken into account some practical limitation as, for instance, the fact that the antenna have a certain encumbrance so that the array has to be of sufficient size to allow the accommodation of the antennas.
V. THERMAL ANALYSIS
By exploiting the results on the electric power density distribution reported in the previous Section, we have determined the temperature distribution inside the ROI.
The thermal analysis was carried out through the steady state thermal solver in CST, based on the Pennes Bio-Heat Equation [35] , requiring to achieve a mean temperature of 42 • C within the tumor in the steady state regime. To get an accurate solution, the temperature was determined iteratively. The starting mesh density was the same as in the electromagnetic simulations. Then, the mesh was refined at each step and the temperature computed again until the relative mean last square error between two consecutive evaluations became smaller than 1%.
The values of the thermal parameters considered for the various tissues of the phantom are those reported in Table 1 . A convective thermal exchange has been assumed at the skin -water bolus interface, with a value of 10 W/m 2 / • C for the convection coefficient. Taking into account the continuous water circulation in the bolus, we have considered it as a thermal reservoir, at a temperature of 25 • C.
The overall radiated power required to increase the tumor temperature to a mean value of 42 • C turned out to be 139 W for the MNP-blind focusing case and 212 W for the not blind constrained case. These results compare favorably with the total radiated power applied in the clinical trials by the system in [20] and [21] to achieve an analogue heating of the target tissue, thus confirming the consistency and reliability of our results. The same happens for the mean Specific Absorption Rate in a clinical target volume of 64 mL surrounding the tumor, equal to 64.7 W/kg in our case and to 72.6 W/kg in [21] . Fig. 9 shows the temperature distribution, in three different cut planes crossing the tumor center, resulting from the electric power distributions shown in Fig. 6 : panels (a)-(c) are relative to the MNP-blind focusing approach, while panels (e)-(f) are relative to the not blind constrained approach.
The following considerations are in order. A localized temperature increase is obtained in both cases. However, unlike the dissipated electric power density, the maximum temperature peak is not centered on the tumor. This is probably due to the different thermal properties and blood perfusion characterizing the different tissues, as well as to the asymmetric position of the tumor with respect to the water bolus. This fact indicates that thermal transport should be taken into account when choosing the site where the MNPs are injected. This could allow to compensate the above shifting, avoiding an excessive overheating of the healthy tissue surrounding the tumor, as well as the need of radiating a higher overall power in order to heat the whole tumor tissue above the therapeutic temperature.
As expected, Fig. 9 also shows that no hot spots arise in the skin layer, despite the presence of intense hot spots in the electric power distribution. This is due to the cooling action of the water bolus, which prevents the skin from an excessive overheating. This suggests that, from a thermal point of view, enforcing upper bounds on the level of the electric power distribution could be not worthy. Actually, this leads to a less selective heating of the tumor (as clearly shown by the contour lines in Fig. 9 ), while increasing the overall irradiated power required to achieve the therapeutic heating of the tumor, as confirmed by our simulations. Anyway, in both cases only the 28% of the total radiated power, corresponding to about 39 and 60 W respectively, is actually dissipated in the phantom, of which only 0.07 W is dissipated in the MNP-targeted tumor. Of course, also the power dissipated in the healthy tissue immediately outside the tumor contributes to its heating, as shown in Fig. 6 . Such power is equal to about 0.45 W within a spherical region concentric to the tumor two times larger, and to about 1.2 W in a spherical region of radius three time larger. This indicates that a significant electric power dissipation also occurs over a region whose extent is up to three time larger than the MNP-targeted tumor region. However, this fact is by no means detrimental if one is interested to treat advanced tumors, which represent the clinically relevant cases.
In conclusion, it is worth noting that our approach is blind only for what concerns the electromagnetic part and not with respect to the thermal part. Indeed, it allows the blind synthesis of the antenna excitations assuring the focusing of the radiated electric power on the tumor, but does not allow predicting neither the total amount of electric power to be radiated to achieve the desired therapeutic heating of the tumor nor the temperature distribution in the ROI, for which a thermal analysis is still needed. Obviously, this requires the knowledge of the values of thermal properties of the tissues as well as the ROI geometry and position which are affected by uncertainty. However, this is a common problems in all hyperthermia approaches. In the clinical setting, this problem is overcome by continuously monitoring the temperature in different control points (by means of thermal probes inserted in the ROI through catheters or through MRI) and using this information as feedback to tune the antenna excitations. Likely, in our case the tuning could be less complex, and so more robust, since the field focusing is blindly ensured.
VI. CONCLUSIONS
In this paper a recently proposed approach of blind focusing MWH, exploiting MNPs as modulable contrast agents, has been improved and numerically assessed in the clinically relevant case of neck tumors. To this end, a system layout analogous to existing prototype systems, described in literature, has been adopted, together with the well known Zubal numerical phantom. The reported results show that the proposed approach works properly also in a realistic and complex case as the considered one. Moreover, the performances, in terms of dissipated electric power distribution and temperature rise, compare favorably with those achievable with not blind approaches, also in the realistic case of noise on the measured differential signal.
The improved version of the approach proposed in this paper has also shown a good robustness against the measurement noise on the data. Moreover, by exploiting the results of the robustness analysis we have also estimated the minimum MNPs amount required to make the approach feasible. The obtained results show that the minimum MNPs amount to be administered to the tumor, to enable a reliable measurement of the required differential signal, using a commercially available and cost effective VNA, is around 30 mg. This result assures a good margin of tolerance in view of a possible implementation of the approach, especially if one takes in mind that hundreds of mg of MNPs are employed in Magnetic Hyperthermia clinical trials. Anyway, the two approaches are not directly comparable as, except for the use of MNPs, they are completely different. Indeed, the proposed approach is just a standard focused MWH approach and, as such, it shows the same weakness and strengths of this kind of thermotherapy, hence the same range of applicability, which is different from that of Magnetic Hyperthermia. For instance, since the heating still relies on the focusing of the radiated electric field (MNPs are just employed to blindly focus the electric field on the tumor), there is a trade-off between penetration depth and heating selectivity, which precludes its applicability to tumors deeply located in the body, if one want a selective treatment. Conversely, Magnetic Hyperthermia can allow a treatment, at the same time, deep and selective, thanks to the high transparency of the human tissues to low frequency magnetic fields, the possibility of selectively accumulating MNPs into the target tissue, via direct injection, and the remarkable MNPs magnetic losses in the HF frequency (i.e. kHz) range. However, in addition to requiring a higher dose of MNPs, Magnetic Hyperthermia also requires a more expensive and bulky exposure system and could not be applicable to all patients (for instance, patients brining pacemakers or other electronic or magnetic implants).
A more appropriate comparison is with the existing standard focused MWH methods. Apart from requiring a more complex, bulky and expensive system than a standard focused MWH one, our approach has the inconvenient of requiring the infusion of the MNPs, employed as mere contrast agents, which might not be fully justified/accepted by clinicians. However, in addition to allowing a completely blind synthesis of the antennas excitations, with all the advantages emphasized in the Introduction and the subsequent sections, the use of MNPs in MWH opens other interesting possibilities, such the one, already discussed, of combining together MWH and Magnetic Hyperthermia. Another possibility is the implementation of a theranostic tool, which, through only one and relatively cheap, microwave device, would allow both the imaging, by employing MNPs as contrast agents [36] , and the subsequent thermal treatment of the tumor,. Also interesting is the possibility of using MNPs loaded nano-carries to selectively transport drugs to cancers cells, exploiting blind MWH for triggering their release [37] . This would allow to combine in a single powerful tool different types of cancer therapies.
Summarizing, the main strength of the proposed approach is to be blind. Another advantage is the possibility of its integration with the Magnetic Hyperthermia, which would allow achieving a highly localized heating of the tumor.
The main drawback is the need of inserting MNPs, as contrast agents, which makes the approach invasive, even if minimally. Moreover, this could limit the applicability to patients allergic to such kind of contrast agents. From an engineering point of view, the proposed approach requires a more complex, bulky and expensive system than a standard focused MWH system, which must include a measurement apparatus for the acquisition of the differential signal and another one for the generation of the PMF. However, concerning this latter, it should not represent a further burden if one takes into account that the current trend is to integrate microwave hyperthermia with MRI for the continuous and not invasive monitoring of the temperature rise during the treatment [38] .
APPENDIX
To justify the assumption that, in presence of a significant excitations dynamics, low excitation elements are contiguous, let us refer to (1) . Assuming a localized magnetic contrast, χ, i.e. that the size of t is small as compared to the local wavelength, we have: wherein <> denotes the mean value over t and H n the magnetic field radiated by the n-th antenna (fed with unit input power), evaluated at some point r 0 t . Under the geometrical optics approximation [39] , H n is proportional to exp[(−iβ n − α n )L n ]/L n , being L n the length of the propagation path between r 0 and the phase center of the n-th antenna, and α n , β n the mean attenuation and propagation constants along the path. Hence, we have:
namely:
Now, in a properly designed system, all the antennas are well adapted at the working frequency (as confirmed by Fig. 4(b) ), and their radiated field should not exhibit a strong angular dependence, in order to allow an effective focusing at any point inside the ROI. Therefore, |A n | in (A.2)-(A.3) is almost the same for all the antennas. Consequently, if the ROI is not too inhomogeneous and/or looks like a cylindrically stratified medium, as it happens in our setting (and in most applications of microwave hyperthermia), |e n | can show a large dynamics only if t is far from the ROI center. In such a case, |e n | will steadily increase as the antenna distance from t decreases, and vice versa. Hence, the low excitations elements will be contiguous, as assumed.
